Vol. 65 GLUCOSAMINIDASE 469 investigated, and conditions for the estimation of the enzyme have been established. 2. In 0-05M citrate buffer, the enzyme shows optimum activity at pH 4-3. The optimum substrate concentration cannot be attained owing to the limited solubility of the substrate.
Mitochondria freshly isolated from liver show low or negligible adenosine triphosphatase (ATPase) activity towards added substrate, but on addition of low concentrations of 2:4-dinitrophenol (DNP), adenosine triphosphate (ATP) is hydrolysed at a rapid rate (Hunter, 1951; cf. Lardy, 1945) . Similar, though perhaps less striking, effects have been obtained with mitochondria isolated from skeletal muscle (Chappell & Perry, 1954 ). The precise nature of this effect of DNP is not understood, although, significantly, it is accompanied by the loss of oxidative phosphorylating activity (Loomis & Lipmann, 1948;  Cross, Taggart, Covo & Green, 1949) and by the inability of ATP to reverse the swelling induced in mitochondria of pigeon breast muscle by hypotonic media (Chappell & Perry, 1954) . In isolated mitochondria the action of DNP is complex and may involve, amongst other things, effects on the permeability of the membrane; but it appears from the work of Lardy & Wellman (1953) on the ATPase activity of aqueous extracts of mitochondrial acetone-dried powders that DNP has a specific stimulatory effect on the ATPase enzyme itself. Furthermore, the observation that DNP stimulates the ATPase activity of myosin (Webster, 1953) suggests that DNP can have an effect on the mechanism of ATP hydrolysis when it is catalysed by other enzymic systems.
In previous studies on the metabolism of ATP by intracellular components of muscle (Chappell, 1954;  Chappell & Perry, 1953 & Perry, , 1954 we found that under the ionic conditions in which DNP stimulated the enzymic activity of L-myosin (Weber & Portzehl, 1952) , 0*1-5 mm DNP failed to stimulate the myofibrillar ATPase activity of rabbit myofibrils. The present communication is concerned with a general investigation ofthe effects of DNP on the ATPase activity both of myosin and isolated myofibrils and shows that the presence of actin modifies the action of DNP on the enzymic activity ofmyosin. The response ofthe latter system to DNP has been compared with that of the mitochondrial ATPase.
Certain aspects of this work have already been reported (Chappell & Perry, 1955) . In an associated communication, Greville & Needham (1955) reported similar findings on the DNP stimulation of L-myosin ATPa-se activity.
METHODS
MyofibrilM. Myofibrils were prepared in a medium containing 0-039M borate buffer, pH 7*1, and 0*025M-KCI (borate-KCl) as previously described (Perry & Grey, 1956) . Stock preparations were stored at 00, and for enzyme experiments they were used within 10-12 days, diluted with borate-KCl to give suspensions containing 5-7 mg. of protein/ml. Myofibrillar protein&. L-Myosin was prepared by a method described elsewhere which combines the experience of a number of workers. The method of Guba & Szent-Gyorgyi (1945) was used for the preparation of G-actin solutions. G-Actin was purified by isoelectric precipitation with 0-02M sodium acetate buffer, pH 4-8. The concentrated F-actin solution (10-20 mg. of protein/ml.) whichwas obtained on restoringthe pH to 7 was storedatO°.
Mitochondria and mitochondrial extradt8. Rat-liver mitochondria were prepared in 0-25m sucrose as described by Schneider (1948) , and pigeon breast-muscle mitochondria by the method of Chappell & Perry (1954) . The method of Lardy & Wellman (1953) was employed for the preparation of acetone-dried powders of rat-liver mitochondria. To obtain extracts these powders were homogenized at 00 with 20 vol. of glass-distilled water in a pestle-type homogenizer, allowed to stand 30 min. at 00 and centrifuged for 20 min. at 1000g. The supernatant was used for ATPase experiments.
ATPa8e experiments. Enzyme experiments were carried out in general as described earlier (Perry & Grey, 1956) , at 00 or 200. The reagents were pre-incubated for 5-15 min. at the incubation temperature and the reaction was started by addition of 0-2 ml. of enzyme suspension. Unless otherwise stated, the ATP (sodium salt, obtained from Sigma Chemical Co., St Louis, U.S.A.) was used at a concentration of 
RESULTS
Effect of DNP on the calcium-activated ATPase of myofibril8 and L-myo8in. The addition of 1-10 mm DNP to the standard incubation medium produced a progressive inhibition of the calcium-activated ATPase (Ca-ATPase) of myofibrils prepared in borate-KCl. In the presence of 0-05M-KCI, a similar range of DNP concentrations produced little change in ATPase activity, but as the ionic strength of the medium was increased still further a marked stimulation of the Ca-ATPase activity by DNP was obtained (Fig. la) . Although the addition of the higher concentrations of KCI decreased the ATPase activity in the absence of DNP, the maximum Fig. 1 b) . A major difference existed in the response ofmyosin to DNP, however, in that stimulation was achieved in the absence of added KC1, i.e. at the ionic strength of the incubation medium (approx. 0.06).
The effect of KC1 on the Ca-ATPase of the myofibrillar system was not a specific one but rather an effect of ionic strength, for NaCl was equally effective and for a given DNP concentration K.2S04 produced maximal stimulation at a lower concentration.
In the myofibril the myosin is associated with actin and it seemed probable that the presence of the latter protein was responsible for the difference in response to DNP of the ATPases of the two systems. The fact that another property of myosin which is modified by actin, i.e. magnesium activation of the ATPase, is likewise sensitive to ionic strength over a similar range, supported this view. To check this hypothesis, synthetic actomyosins containing a fixed amount of myosin and varying amounts of actin were prepared and the effect of DNP on their ATPase activities in the standard incubation medium (I approx. 0.06) was determined. The results of one such experiment are illustrated in Fig. 2 and indicate that when the ratio myosin N: actin N was 2, DNP no longer stimulated the ATPase activity. They also show that the stimulating effect of DNP is restored by the addition of 0*2M-KCI to this actomyosin system. Effect of DNP on the magne8ium-activated myofibrillar ATPa8e. When magnesium was used to activate the myofibrillar ATPase (Mg-ATPase), an increase in the ionic strength progressively decreased the activation effect, which was entirely absent when the incubation medium contained 0-2M-KC1. Nevertheless, with freshly prepared myofibrils, magnesium appreciably stimulated the ATPase in the presence of 01M-KCl (see Perry & Grey, 1956 ). Addition of DNP to this system at concentrations of 0.1 and 1 mm had little or no effect on the Mg-ATPase; 5 mm DNP inhibited at all levels of ionic strength (Fig. 3) . This is in contrast with the effect on Ca-ATPase, where, under similar ionic conditions, stimulation by DNP increased progressively with concentration up to a maximum at 8 mM.
Effect of DNP on rnangane8e-activated myofibrillar neither of which was very pronounced. At higher KC1 concentrations the ATPase activity was lower, but increasing amounts of DNP produced stimulation. Thus, although at higher ionic strengths greater ATPase activity was obtained with calcium than with manganese, the systems were similar in that activity in both cases was stimulated by DNP. Reversibility of DNP effect. A number of experiments were performed which demonstrated that after the myofibrillar Ca-ATPase had been stimulated by DNP under typical conditions, and the phenol largely removed by dialysis, restimulation occurred on addition of fresh DNP. Samples of both control and DNP-treated myofibrils were dialysed against the borate-KCI medium and then assayed for the DNP effect in the presence and absence of 0-2M-KC1. The results of a typical experiment are presented in Table 1 .
An attempt was made to assay the amount of ATPase brought into solution under the conditions used to study stimulation of the Ca-ATPase by DNP. This was done by cooling to 00 a sample of the complete incubation mixture after incubation with and without DNP, and then centrifuging at this temperature for 5 min. at 20 000 g. The supernatant, which was considered to contain any soluble ATPase, was then assayed again at 200 in a medium identical with the original. In the absence of added KCI no Ca-ATPase activity passed into solution, but with added KCI (0-2M) most of the ATPaseactive material activity was rendered soluble. In general the results indicated that, under conditions in which DNP stimulated the myofibrillar ATPase, the enzyme was partly in solution. Nevertheless, DNP did not invariably stimulate when the enzyme was in solution, for although 60-70 %oftheATPase-active material was soluble in the presence of 0-2M-KCI at 00, DNP produced inhibition under these conditions. Effect of DNP on calcium-activated ATPase at 00. When the effect of DNP on the Ca-ATPase of Lmyosin and myofibrils was compared at 0°rather than at 200 it was noted that many of the differences observed in the behaviour of the two systems at the higher temperature had disappeared. For example, at 0°in the absence of added KCI, increasing IDNP concentration caused progressive inhibition of the Ca-ATPase of L-myosin, and stimulation was not obtained until the concn. of KC1 was 0-4m (Fig. 4b) . Similar results were obtained with the Ca-ATPase of the myofibrils (Fig. 4a) , and apart from the fact that in the absence of DNP increasing ionic strength caused a greater increase in enzymic activity with myosin than with myofibrils, the sets of curves obtained were almost identical.
It was noted that on cooling to 00 the standard incubation medium containing 0-05M aminotrishydroxymethylmethane (tris) buffer, pH 7 4, at 200, the pH rose by approximately 0 4. This change in pH of the medium on cooling, however, was not responsible for the different behaviour of DNP at 00, for the following reasons. At 200 no significant difference could be detected in the behaviour of L-myosin to DNP in 0-05M tris, pH 7-4 or pH 7.8. Likewise the behaviour of Lmyosin in 0-05M glyoxaline buffer, pH 7 0, to DNP at 00 and 200 was very similar to that observed under similar conditions in 0-05M tris, pH 7X4.
Magnesium activation of the myofibrillar ATPase at 00. The result obtained on reducing the temperature from 200 to 00 for the DNP stimulation of the Ca-ATPase of myosin prompted the study of certain other properties of the enzyme at the lower temperature. In particular it was noted that at 00 magnesium inhibited the myofibrillar ATPase at approximately mm concentration and activated only very slightly, if at all, in the range 5-10 mm. This meant that over this range the Mg-ATPase activity Concn. of DNP (mM) Fig. 4 . Effect of DNP on the Ca-ATPase of (a) myofibrils (7 days old) and (b) L-myosin, at varying ionic strengths.
Incubations were carried out for 60 min. at 00. Conditions otherwise the same as those of Fig. 1 Vol. 65
._i Table 2 . Action of DNP on the ATPa8e activity of fresh liver mitochondria and aqueous extract8 of acetone-dried powder8 The incubation medium contained 0-05M tris buffer, 5 mM ATP, and in the experiments with whole mitochondria, 01 mx-KCl to maintain tonicity. All Table 2 shows that at 00 the DNP stimulation of the ATPase of whole rat-liver mitochondria is very much reduced. This effect was obtained in the absence or presence of MgCl2 in the incubation medium. After pre-incubation with 0 4 mm DNP for 30 min. at 00 the mitochondria were activated on subsequent incubation at 200 in a manner identical with control mitochondria not pre-incubated. Similar effects were obtained with pigeon breastmuscle mitochondria, although it should be noted that in general these mitochondria have appreciable ATPase activity when freshly prepared and in consequence the extent ofstimulation by DNP is not so great (Chappell & Perry, 1954) .
If the mitochondria were pre-incubated with 0-4 mm DNP under the conditions of the enzyme test, i.e. approximately isotonic, at 00 or 200, the DNP could be removed by centrifuging and washing with isotonic solutionm in the cold without activation of the ATPase. Subsequent addition of DNP produced reactivation of such DNP-treated mitochondria, although in some cases the activated ATPase level attained was not so high as that obtained with control mitochondria which had not been initially treated with DNP. This suggests that DNP can cause some irreversible inactivation of the enzyme.
Acetone-dried powder. In view of the complexity of the mitochondrial structure compared with that of the myofibril and the possible importance of permeability effects in the study of the ATPase activity of the former, direct comparison of the ATPase activity of these two systems is difficult. A more satisfactory mitochondrial ATPase system for this purpose is the aqueous extract of the acetone-dried powder of mitochondria which has been reported by Lardy & Wellman (1953) to possess ATPase activity stimulated by DNP.
Whereas it was not necessary to add MgCl2 to whole liver mitochondria to obtain full activity in the presence of DNP, with the acetone-dried powder extract MgCl2 was essential for full activity ( Table 2) . As with the myofibril, the mitochondrial ATPase was not activated by magnesium at 00 (Table 2 and Fig. 6 ), indicating that a high temperature coefficient between 00 and 200 is characteristic of both magnesium-activated ATPases. Also, as might be expected, DNP did not activate the mitochondrial Mg-ATPase at 00 (Table 2 ). This suggests that the lack of effect of DNP on the ATPase of whole mitochondria at 00 may be in part due to the fact that magnesium does not activate at this temperature. Likewise manganese was found to produce little activation at 00, whereas at 200 it was at least as effective as magnesium in this respect.
DISCUSSION
The evidence presented indicates that at low ionic strength actin interacts with myosin in a manner which prevents DNP from producing its stimulating effect on the myosin ATPase; in fact, at very low ionic strength DNP is inhibitory to the actomyosin-ATPase system. The mechanism of DNP stimulation of ATP hydrolysis is obscure, but in view of the effects obtained in the presence of actin it is reasonable to presume that this protein can in some way modify the nature or sequence of events at the enzymically active centres of the myosin. The view that the mechanism of ATP hydrolysis may be modified by actin is also supported by the wellknown fact that at low ionic strength magnesium activates the ATPase activity of actomyosin but not of myosin (Banga & Szent-Gyorgyi, 1943) . It is tempting to suppose that there are two slightly different mechanisms for the hydrolysis of ATP by myosin systems, namely one that involves calcium only and another in which either calcium or magnesium can participate. Both mechanisms have many common features, but whereas the former is typical of myosin over a wide range of ionic strength and of actomyosin at ionic strength above 0-15-0 20, the latter occurs in the presence of actin at ionic strengths lower than 0. 15-0 20. It is suggested that only the former is stimulated by DNP. Bearing pertinently on this point is the finding that DNP begins to stimulate the ATPase of myofibrils at just that range of ionic strength at which magnesium activation disappears.
It is not clear what changes are induced in the actomyosin system when the ionic strength rises above 0 15-0-20, but certainly the activation properties characteristic of actomyosin disappear and those of myosin remain. It is unlikely that complete dissociation of the actomyosin takes place, but probably there occurs some 'loosening' of the interaction which modifies the state of affairs in the vicinity of the active centres of the myosin so that the influence of the actin moiety is lost.
It is important to decide whether the action of DNP on myosin ATPase presents a model for the study of the action of this phenol on the hydrolysis of ATP by isolated mitochondria, in view of the possible relation of the latter system to oxidative phosphorylation. The extent of stimulation of the ATPase of intact liver mitochondria by DNP is very much greater than that obtained with myosin or myofibrils. It is very questionable, however, if the two systems are strictly comparable, since the extremely low ATPase activity of fresh intact liver mitochondria may be due to the impermeability of the mitochondrial membrane to ATP (see Siekevitz & Potter, 1955) . Certainly with isolated pigeon breast-muscle mitochondria, which have high ATPase activity when freshly prepared, and with aqueous extracts of acetone-dried powders of liver mitochondria, the extent of activation is much more comparable to that obtained with the myosin system.
A difference exists in that optimum activation of the myosin ATPase system is obtained with DNP concentrations 10-50 times as great as those effective on the mitochondrial ATPase. This fact might imply a difference in mechanism of action, but alternatively it may be the result of a difference in affinity of the two systems for DNP. In systems splitting ATP at comparable rates there would be much less mitochondrial ATPase protein than myosin because of the relatively low specific activity of the latter. It is possible also that the relative affinity of the two systems for DNP is determined by the high lipid content of the mitochondrial preparations.
Another point ofdifference is that the Mg-ATPase of mitochondria is stimulated by DNP, whereas with myosin the Ca-ATPase is the one which is stimulated. Despite this fact the magnesiumactivated systems of both mitochondria and myosin are similar in that magnesium activates both systems little or not at all at 0°. Hasselbach (1952) and Gilmour & Calaby (1952) have also commented on the high temperature coefficient of magnesiumactivated actomyosin and insect-muscle apyrase respectively. It would be of interest to investigate the effect of temperature on other enzyme systems requiring magnesium and ATP to determine whether this observation is a general one for such systems and reflects perhaps certain features of the complexing action of magnesium for ATP. 2. When actin was present in a medium of low ionic strength, 2:4-dinitrophenol inhibited the calcium-activated ATPase of myosin. 2:4-Dinitrophenol stimulated the calcium-activated ATPase of myofibrils at ionic strength of about 0.16 and higher.
3. At 00 the ionic strength had to be raised to about 0 4 and higher to obtain stimulation of the calcium-activated ATPase activity of L-myosin and myofibrils by 2:4-dinitrophenol.
4. The pattern of calcium activation of the myofibrillar ATPase was similar at 00 and 20°. In contrast, whereas magnesium strongly activated at 200, at 00 it produced little or no activation of rabbit-myofibrillar or rat-liver mitochondrial ATPases.
5. Some effects of the action of 2:4-dinitrophenol on the rabbit-myofibrillar and the rat-liver mitochondrial ATPases have been compared and discussed.
